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Abstract

Polyethylene and polypropylene nanocomposites were prepared using a novel oligomerically-modified
clay that contains three components, styrene, lauryl acrylate and vinylbenzyl chloride. The
nanocomposites were prepared by directly melt blending the polymers with the clay and they were
characterized by X-ray diffraction and transmission electron microscopy, to understand their

morphology, and their thermal stability, flammability and mechanical properties were evaluated
using thermogravimetric analysis, cone calorimetry and mechanical testing, respectively. The reduction
in peak heat release rate is about 60% at 5% inorganic clay loading and 70% at 8% inorganic clay
loading.
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1. Introduction

Polymer–clay nanocomposites have been of great interest since the research at the Toyota Company
found that polyamide-6-clay nanocomposites gave greatly enhanced mechanical properties, along with
a large increase in the heat distortion temperature, at only 5% clay loading [1]. The clay is highly
organophobic, which means that it must generally be organically-modified by treatment with some
organophilic agent, in order to obtain nanocomposites with polymers. The backbones
of polyethylene (PE) and polypropylene (PP) are very non-polar; research shows that maleic
anhydride grafted polymer has to be used as a compatibiliser [2], [3], [4] in order to produce either PE
or PP nanocomposites by melt blending. Previous work [5] has shown that PE and PP nanocomposites
can be formed based on an oligomerically-modified clay, namely “lauryl clay”, which contains
75% oligomer and 25% inorganic clay. The oligomer used in lauryl clay contains lauryl acrylate along
with one or two units of vinylbenzyl chloride to permit the formation of the ammonium salt to modify
the clay.
In this work, a terpolymer surfactant, containing styrene in addition to the lauryl acrylate and
vinylbenzyl chloride, was used to modify the clay, and then the modified clay was directly melt blended
with PE and PP to form nanocomposites.

2. Experimental
2.1. Materials

The majority of the chemicals used in this study, including low-density polyethylene (melt index
190 °C/2.16 kg, 7 g/10 min), isotactic polypropylene (melt index 230 °C/2.16 kg, 4 g/10 min),
vinylbenzyl chloride, styrene, lauryl acrylate and 2,2′-azobisisobutyronitrile (AIBN) were acquired from
the Aldrich Chemical Company. Sodium montmorillonite was provided by Southern Clay Products, Inc.

2.2. Synthesis of vinylbenzyl chloride, styrene and lauryl acrylate terpolymer

A 115 g (0.48 mol) portion of lauryl acrylate, 50 g (0.48 mol) styrene and 9.2 g (60 mmol) vinylbenzyl
chloride along with 400 ml THF were placed in a 1000 ml three-necked round bottom flask, equipped
with a magnetic stirrer, nitrogen inlet and a condenser. The solution was first stirred for 10 min then
gently refluxed under nitrogen for 10 min. Then 9.8 g (60 mmol) AIBN was added to the solution in one
portion. The system was kept at a gentle reflux for 12 h, then the terpolymer was precipitated by
pouring it into a large amount of methanol. A 145 g portion of a colorless terpolymer was collected
after filtration. The number average molecular weight is 6200 (PDI = 1.24). 1H NMR: (CDCl3, ppm) 7.1
(br, 29H), 6.7 (br, 20H), 4.5 (br, 2H), 3.8 (br, 18H), 2.3 (br, 19H), 1.9 (br, 20H), 1.6 (br, 18H), 1.3 (br,
162H), 0.9 (t, 27H).

2.3. Synthesis of the ammonium salt of the terpolymer

The procedure was similar to previous work [5]. To a solution of 145 g terpolymer in 400 ml THF in a
1000 ml round bottom flask was added a large excess of triethylamine. The solution was stirred at
room temperature for 2 h then kept at gentle reflux for another 10 h under nitrogen. The solvent was
evaporated at 70 °C under vacuum and 150 g of the terpolymer salt was collected. A new broad peak in
the NMR spectrum at 3.4 ppm may be assigned to the methylene group attached to the nitrogen of
the ammonium salt. The methyl group adjacent to the methylene is in the 1.3 ppm region.

2.4. Preparation of the oligomerically-modified clay

The procedure is the same as previously reported [5]; the resulting clay, which contains the three
component oligomer, is known as triclay.

2.5. Preparation of the polymer–clay nanocomposites

All nanocomposites were prepared using melt blending in a Brabender Plasticorder at 60 rpm and
185 °C for 3 min; the calculated amount of polymer and triclay was put into the Brabender mixer at the
same time. After 3 min blending, the mixture was removed from the chamber and allowed to cool to
room temperate. The composition of the nanocomposites is given in Table 1.
Table 1. Composition of polymer–clay nanocomposites
No.
1
2
3
4

PE or PP
96
88
80
68

Triclay
4
12
20
32

2.6. Instrumentation

Inorganic clay loading (%)
1
3
5
8

X-ray diffraction (XRD) was measured on a Rigaku Geiger Flex, 2-circle powder diffractometer equipped
with Cu–Kα generator (λ = 1.5404 Å) at 50 kV and 20 mA, scanning from 1 to 10° at 0.1 step. All the
samples were compression moulded into 20 mm × 15 mm × 1 mm plaques for XRD measurements.
Bright field transmission electron microscopy (TEM) image was obtained at 120 kV, at low-dose
conditions, with a Phillips 400T electron microscopy. The sample was ultramicrotomed with a diamond
knife on a Leica Ultracur UCT microtome under cryogenic conditions to give a 70-nm-thick section. The
section was transferred to carbon-coated Cu grids of 200 mesh. The contrast between the layered
silicate and the polymer phase was sufficient for imaging, so no heavy metal staining of sections prior
to imaging was required. Thermogravimetric analysis (TGA) was carried out on a Cahn TG131 unit
under nitrogen at a scan rate of 20 °C/min from room temperature to 600 °C at 50 mg scale.
Temperatures are reproducible to ±3 °C while the fraction of non-volatile is repeatable to ±3%. Cone
calorimetry was performed on an Atlas CONE-2 according to ASTM E 1354-92 at an incident flux of
35 kW/m2 using a cone shaped heater. Exhaust flow was set at 24 L/s and the spark was continuous
until the sample ignited. Cone samples were prepared by compression moulding the composites into
100 mm × 100 mm × 3 mm square plaques. Typical results from cone calorimetry are reproducible to
within about ±10%. These uncertainties are based on many runs in which thousands of samples have
been combusted [6]. Tensile properties were measured using MTS Alliance RT/5 tensile test machine at
a crosshead speed of 25.4 mm/min. The reported values are based on the average of five

determinations. Molecular weights were determined using a DAWN EOS MALLS (Wyatt Technologies)
coupled with a W-410 RID (Waters Corporation) using Waters Ultrastyragel columns HR4, HR3, HR1 in
series; the mobile phase was THF.

3. Results and discussion
3.1. X-ray diffraction (XRD) measurement on the clay and its nanocomposites

The XRD pattern of the triclay is shown in Fig. 1; this is the same pattern that was seen for lauryl
clay [5]. The [001] reflection of the clay crystal is located at 2.4°, which gives a d-spacing of 3.7 nm.

Fig. 1. X-ray diffraction pattern of the oligomerically-modified clay.

In this study, 1%, 3%, 5% and 8% inorganic clay loadings were investigated. Because this clay contains
25% inorganic clay, the corresponding amounts of oligomerically-modified clay that were used are 4%,
12%, 20% and 32%. The XRD traces of PE and PP nanocomposites are shown in Fig. 2, Fig. 3,
respectively, while the corresponding numerical data are reported in Table 2, Table 3. All of the
nanocomposites exhibit a strong reflection at 2.4°, which is the same as that of the clay. The lack of a
change can be either due to no insertion of polymer into the gallery space or that the gallery space is
already well-expanded by the presence of the oligomeric surfactant so no further expansion occurs
upon polymer entry. Transmission electron microscopy (TEM) is required to identify the type of hybrid
that has been formed.

Fig. 2. X-ray diffraction traces of polyethylene/clay nanocomposites.

Fig. 3. X-ray diffraction traces of polypropylene/clay nanocomposites.

Table 2. XRD data for polyethylene and polypropylene/clay nanocomposites
Empty Cell Clay 2θ d-spacing (nm)
PE
68
32
2.4 3.7
80
20
2.4 3.7
88
12
2.3 3.8
96
4
2.4 3.7
PP
68
32
2.4 3.7
80
20
2.4 3.7
88
12
2.4 3.7
96
4
2.4 3.7
Table 3. TGA data, in nitrogen, for polyethylene and polypropylene/clay nanocomposites
Empty Cell
PE
100
96
88
80
68
PP
100
96
88
80
68

Triclay T0.1 (°C) T0.5 (°C) Char at 600 °C (%)
–
4
12
20
32

476
481
470
430
420

496
506
507
507
512

0
2
3
6
8

–
4
12
20
32

437
456
438
428
413

470
488
486
492
489

0
2
3
5
9

3.2. TEM images of PE and PP nanocomposites

TEM images were obtained on both polyethylene and polypropylene nanocomposites at 5% inorganic
clay loading and these are shown in Fig. 4, Figure 5, respectively. The low magnification images permit
the evaluation of the quality of the nano-dispersion, and this is apparently better for PE than for PP. In
PP, one sees only clay tactoids, while in PE, there appears to be a more uniform distribution. In the
high magnification images, one can see individual clay layers in both PE and PP, but again the
dispersion appears better in PE than in PP. One should probably describe the PP system as largely
immiscible while PE is likely intercalated.

Fig. 4. TEM images of PE/clay nanocomposite at 5% inorganic clay loading.

Figure 5. TEM images of PP/clay nanocomposite at 5% inorganic clay loading.

3.3. Thermogravimetric analysis

The parameters that are of interest from the TGA curves are the onset of the degradation, which is
usually taken as the temperature at which 10% degradation occurs, T0.1, the mid-point temperature of
the degradation, T0.5, another measure of thermal stability, and the non-volatile residue which remains
at 600 °C, denoted as char. The data are tabulated in Table 3 and it is shown graphically in Fig. 6, for
the clay alone, and Fig. 7, Fig. 8, for the PE and PP nanocomposites, respectively. From the TGA curve
of the clay alone one can see that 25% is the fraction that is non-volatile at 600 °C, indicating the
inorganic content of the clay. The clay shows good thermal stability, the 10% mass loss temperature is
370 °C and 50% mass loss temperature is 427 °C; this is similar to what was seen with lauryl clay [5],
and is significantly higher than what is seen with the typical organically-modified clay.

Fig. 6. TGA curve for the clay.

Fig. 7. TGA curves for PE/clay nanocomposites.

Fig. 8. TGA curves for PP/clay nanocomposites.

Since the clay begins to degrade earlier than does polyethylene, it is reasonable that the polyethylene
nanocomposites show an earlier onset temperature than does the virgin polymer. But the mid-point of
the degradation of all the PE nanocomposites is about 10 °C higher than that of PE while the mid-point
for the clay is 70 °C lower than that of polyethylene. This change in the mid-point may be assigned to
some nanocomposite effect. The fraction of non-volatile material is that which is expected from the
components so there is no interaction between them.
PP nanocomposites also show enhanced thermal stabilities. The T0.1 is slightly increased at 4% clay
loading, while T0.5 increases by 18 °C. With more than 4%, all nanocomposites show a lower onset
temperature of degradation and there is an increase in the mid-point temperature of 16–22 °C which
again may be assigned to some nanocomposite effect.

3.4. Fire properties of the nanocomposites

The fire properties of materials were evaluated by cone calorimeter. The parameters that are
evaluated include the time to ignition (tign), the heat release rate, and especially its peak value (PHRR),
the specific extinction area (SEA), a measure of the amount of smoke produced during the combustion,
and the mass loss rate (MLR). Cone calorimeter also provides useful information on nanocomposite
formation, since it has been shown that microcomposites give essentially no reduction in the peak heat
release rate, while nanocomposites can give significant reductions [6], [7], [8].
The cone calorimetric results for the various PE and PP nanocomposites are shown in Table 4 and the
heat release rate curves for the pure polymers and their nanocomposites are shown graphically in Fig.
9, Fig. 10. PE and PP nanocomposites have similar behaviour at the same clay loading. The PHRR of
nanocomposites that contains 4% clay (1% inorganic clay) shows no reduction compared with that of
the pure polyolefins, probably because there is simply not enough material to form the barrier that is
believed to be the mechanism by which the reduction in PHRR occurs [9]. When the loading of clay
reaches 12% (3% inorganic clay), both PE and PP nanocomposites show about a 40% reduction in
PHRR, which is same as the system contains 20% lauryl clay (5% inorganic clay) [5]. When the clay
loading is 20% (5% inorganic clay), there is a 60% reduction in PHRR. Upon further increase to 32% clay
loading (8% inorganic clay loading), the PHRR reduction is around 70%. The largest reduction in PHRR
that has been previously reported for either PE or PP nanocomposites is 40% and these values are
higher than that [10]. It has been shown that the reduction in PHRR corresponds to a reduction in the
mass loss rate, and this is also evident in this system.
Table 4. Cone calorimeter data for polyethylene and polypropylene and their nanocomposites
Empty Cell Triclay tigna (s)

PHRRa (kW/m2) (%
reduction)

SEAa (m2/kg) MLRa (g/s m2) THRa (MJ/m2)

PE
100
0
69 ± 4
1794 ± 84
465 ± 31
26 ± 1
95 ± 2
96
4
65 ± 3
1790 ± 110 (0)
420 ± 54
29 ± 2
91 ± 3
88
12
71 ± 3
1162 ± 71 (35)
552 ± 12
21 ± 2
93 ± 2
80
20
56 ± 1
727 ± 22 (60)
692 ± 11
15 ± 1
90 ± 3
68
32
51 ± 1
542 ± 14 (70)
852 ± 11
12 ± 1
77 ± 3
PP
100
0
53 ± 2
1723 ± 62
530 ± 22
25 ± 2
97 ± 1
96
4
54 ± 0
1530 ± 12 (10)
586 ± 24
26 ± 1
98 ± 2
88
12
53 ± 1
950 ± 48 (45)
735 ± 12
19 ± 1
91 ± 3
80
20
48 ± 1
747 ± 3 (57)
839 ± 22
16 ± 0
90 ± 2
68
32
40 ± 2
610 ± 10 (65)
889 ± 25
13 ± 0
87 ± 3
a
tign, time to ignition; PHRR, peak heat release rate; SEA, specific extinction area; MLR, mass loss rate;
THR, total heat released.

Fig. 9. Comparison of the heat release rate (HRR) plots for pure PE and PE/clay nanocomposites at
35 kW/m2 heat flux.

Fig. 10. Comparison of the heat release rate (HRR) plots for pure PP and PP/clay nanocomposites at
35 kW/m2 heat flux.

These reductions in PHRR do not agree with the TEM results, which suggested that there was a
substantial immiscible component to the PP system. TEM samples one specific region of the
nanocomposite and this is generalized to comment on the entire system. If the section that is imaged is
representative of the whole, this is valid but if it is not, an erroneous conclusion may be reached. In
this study, as in common practice, only a single TEM image was obtained. Cone calorimetry samples
the bulk material and therefore may give a better indication of the actual state of nano-dispersion in
the system. Based upon the results from cone calorimetry, it appears that there is good nanodispersion for both the PP and PE nanocomposites.
The time to ignition for the PE nanocomposites gradually decreased with the increasing amount of
clay, while there is no significant change with PP when the clay loading is less than 20%. The change of
total heat released is not significant compared to the nanocomposites with virgin polymers. The only
reduction in total heat released is seen with the PE nanocomposite containing 32% clay, where the
reduction is about 20%. The amount of smoke is increased compared to the virgin polymers, which is
likely due to the presence of styrene in the clay surfactant.
Photographs of the residues after cone calorimetry have been taken and are presented in Fig. 11, Fig.
12. It seems that the char formation is associated with the heat release rate behaviour. With 4% clay,
which shows no reduction in PHRR, several small well-separated particles appear. With more clay in

the system, a more continuous char is formed. At 20% clay (5% inorganic clay) loading, there is a very
limited amount of empty spaces left and the char has expanded. At the highest clay loading used, 32%,
the residue maintains the same shape as the samples before combustion and the entire space is
covered.

Fig. 11. Photographs of the residues of the PE/clay nanocomposites after cone calorimetry.

Fig. 12. Photographs of the residues of PP/clay nanocomposites after cone calorimetry.

3.5. Mechanical properties

The mechanical properties of the nanocomposites, such as tensile strength, Young's modulus and
elongation at break, have been evaluated and the data are tabulated in Table 5. In both PE and PP
nanocomposites, all three mechanical properties are slightly worse than the virgin polymers, which
means that the oligomerically-modified clay has a plasticising effect on the polymers. It is worth noting
that the elongation at break for most nanocomposites does not drop as severely as is usually seen with

the typical organically-modified clay. The single exception occurs for PP combined with 32% clay, in
which the elongation at break dropped to 40%.
Table 5. Tensile properties of PE, PP and their nanocomposites
Empty Cell
PE
100
96
88
80
68
PP
100
96
88
80
68

Triclay

Tensile strength (MPa) Young's modulus (MPa) Elongation at break (%)

0
4
12
20
32

12
10
9
7
6

138
140
138
108
108

402
260
227
185
144

0
4
12
20
32

32
31
27
25
16

773
665
660
530
483

580
551
446
492
40

4. Conclusions

An oligomeric surfactant, which contains a long alkyl group and a benzene ring, can be used to modify
the clay. This newly formed oligomerically-modified clay contains 25% inorganic clay. It can be directly
melt blended with non-polar polyolefins, such as PE and PP. The presence of 3% inorganic clay can give
significant reduction of PHRR, while 5% inorganic clay leads to about 60% reduction of PHRR; the
maximum reduction is around 70% with 8% inorganic clay loading. This is the biggest reduction that
has been reported for PE and PP systems.
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